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Neutron 2p and 1f spin–orbit splittings were recently measured in the isotones 37S and 35Si
by (d, p) transfer reactions. Values were reported by using the major fragments of the states.
An important reduction of the p splitting was observed, from 37S to 35Si, associated to a strong
modification of the spin–orbit potential in the central region of the nucleus 35Si.
We analyze 2p and 1f neutron spin–orbit splittings in the N = 20 isotones 40Ca, 36S, and 34Si.
We employ several Skyrme and Gogny interactions, to reliably isolate pure spin–orbit and tensor–
induced contributions, within the mean–field approximation. We use interactions (i) without the
tensor force; (ii) with the tensor force and with tensor parameters adjusted on top of existing
parametrizations; (iii) with the tensor force and with tensor and spin–orbit parameters adjusted
simultaneously on top of existing parametrizations.
We predict in cases (ii) and (iii) a non negligible reduction of both p and f splittings, associated
to neutron–proton tensor effects, from 40Ca to 36S. The two splittings are further decreased for the
three types of interactions, going from 36S to 34Si. This reduction is produced by the spin–orbit
force and is not affected by tensor–induced contributions. For both reductions, from 40Ca to 36S
and from 36S to 34Si, we predict in all cases that the modification is more pronounced for p than
for f splittings. The measurement of the centroids for neutron 2p and 1f states in the nuclei 36S
and 34Si would be interesting to validate this prediction experimentally. We show the importance
of using interactions of type (iii), because they provide p and f splittings in the nucleus 40Ca which
are in agreement with the corresponding experimental values.
PACS numbers: 21.60.Jz,21.10.Pc,21.30.Fe
I. INTRODUCTION
We recently proposed parametrizations for the tensor
mean–field force, introduced on top of existing Skyrme
and Gogny interactions [1, 2].
In Ref. [1], we investigated in particular the Gogny
case. A few previous studies concerning the tensor force
in the Gogny interaction existed in the literature [3, 4].
In both studies [3, 4], the authors introduced a finite–
range tensor–isospin term. The set proposed in Ref. [3]
was employed in Ref. [5] to analyze neutron–proton ten-
sor effects on some single–particle spectra. In Ref. [1],
we discussed the need of introducing not only a tensor–
isospin term, but also a pure tensor term. This allowed
us to adjust independently the neutron–proton and the
like–particle tensor contributions in the Gogny case, as
was already done with the Skyrme force.
Since tensor and spin–orbit effects are strictly con-
nected in modifying single–particle splittings along iso-
topic and isotonic chains, the importance of refitting
simultaneously also the spin–orbit parameter was dis-
cussed in Ref. [2], for both Skyrme and Gogny cases. A
three–step procedure [6, 7] was employed by fitting the
neutron 1f spin–orbit splitting in the nuclei 40Ca, 48Ca,
and 56Ni. The first nucleus, which is spin–saturated,
was used to adjust the spin–orbit parameter; the nucleus
48Ca, which is spin–saturated in protons, was used to ad-
just the like–particle tensor contribution; finally, the nu-
cleus 56Ni, which is unsaturated, was used to adjust the
neutron–proton contribution. This three–step procedure
was useful for identifying reasonable signs and regions of
values for the tensor parameters in the associated mean–
field models and, more importantly, for excluding those
signs and regions of values that could not provide the cor-
rect phenomenological trends. We proposed three sets for
the Skyrme force starting from the existing parametriza-
tions SLy5 [8], SIII [9], and T41 [10], and one set for the
Gogny force starting from the existing parametrization
D1S [11]. In all cases, also the spin–orbit parameters
were modified with respect to the original values. The
new parameters are reported in Table III of Ref. [2].
One of these parametrizations was recently employed to
analyze the magicity of the nuclei 52Ca and 54Ca [12], and
a good agreement with the corresponding experimental
findings [13, 14] was found.
Tensor–induced and pure spin–orbit effects cannot be
easily disentangled one from the other, because the ten-
sor force has an effect on the spin–orbit splittings in all
spin–unsaturated nuclei. Tensor contributions may have
for these systems a relevant impact on increasing or re-
ducing such splittings. Recently, one case was investi-
gated experimentally to isolate effects produced only by
the spin–orbit force, without any tensor–induced contri-
butions: (d, p) transfer reactions were performed to ex-
tract the neutron 2p and 1f splittings in the nuclei 37S
and 35Si [15]. In both nuclei, we expect tensor effects
to be practically the same, because the only difference
between them is the filling of the proton 2s orbital. Con-
2sequently, if some difference is measured in the splittings,
it may be unambiguously related to a modification of the
potential generated by the spin–orbit force.
Some years ago, a strong charge–density depletion (be-
tween 25% and 30%) was predicted in the interior of the
nucleus 34Si [16]. This depletion, not predicted in the
nucleus 36S, is simply related to the fact that the proton
2s orbital is not occupied in the nucleus 34Si, whereas it
is filled in the nucleus 36S. Since the spin–orbit potential
can be written in terms of derivatives of the nuclear den-
sities, a strong depletion of the density in the center of the
nucleus is expected to have an important impact mostly
on the splitting of low–l spin–orbit partners, whose wave
funstions are more concentrated in the internal region.
This is illustratred in Ref. [15], that is, a reduction of the
neutron 2p spin–orbit splitting from 37S to 35Si: by us-
ing the major fragments to evaluate the spin–orbit split-
tings, the experimental values reported in Ref. [15] are
2 and 1.1 MeV in the nuclei 37S and 35Si, respectively,
that means a reduction of 45%. This value was how-
ever corrected and reduced after performing shell–model
calculations to include correlation effects.
On the other side, the results of Ref. [15] do not allow
us to draw precise conclusions for the f splitting: the
1f5/2 state is represented by three fragments in the nu-
cleus 37S (with a quite low associated spectroscopic factor
equal to 0.36), and is spread in a region of about 1 MeV
in the nucleus 35Si (with a low associated spectroscopic
factor of 0.32).
For the p case, this measurement represents a direct
and reliable insight into the spin–orbit potential (with-
out any tensor-induced effects). It is also an indirect
confirmation of the theoretical prediction of Ref. [16],
about the strong central depletion of the charge density
in the nucleus 34Si.
In this work, we use (i) the original SLy5 and D1S
forces, (ii) the tensor parametrization of Ref. [17] for
the Skyrme case and one Gogny parametrization of Ref.
[1], and (iii) two parametrizations of Ref. [2], one based
on SLy5 and one based on D1S, to analyze pure and
tensor–induced spin–orbit effects on the neutron 2p and
1f splittings in the N = 20 isotones 40Ca, 36S, and 34Si.
The case (ii) is an example of parametrizations where the
spin–orbit parameter is not fitted simultaneously with
the tensor parameters, whereas in the case (iii) spin–
orbit and tensor parameters are adjusted together. We
perform Hartree-Fock (HF) calculations to focus our at-
tention only on pure mean–field effects. The article is or-
ganized as follows. In Sec. II we present the results and
identify pure and tensor–induced contributions. Conclu-
sions are drawn in Sec. III.
II. RESULTS. TENSOR–INDUCED AND PURE
SPIN–ORBIT CONTRIBUTIONS
In the adopted mean–field theory, two contributions
may be identified to the single–particle spin–orbit split-
tings; one depends on the spin–orbit force with a strength
related to the spin–orbit parameter of the used effective
force; the other is produced by the tensor force with
two parameters that describe like–particle and neutron–
proton effects. In the Skyrme case, it is well known that
the last contribution is generated by the so–called J2
terms in the Hamiltonian density, where J is the spin–
orbit density. This contribution is written as the sum
of two parts, one related to central–exchange terms (and
depending on standard Skyrme parameters), the other
describing genuine tensor effects with two parameters.
In many Skyrme parametrizations the J2 terms are ne-
glected in the Hamiltonian density. For the original SLy5
case, the terms coming from the central–exchange con-
tribution are included, whereas the pure tensor terms are
neglected.
Mean–field models cannot describe the fragmentation
of single–particle states. Each single–particle state is con-
centrated at a unique value of the energy. To reason-
ably compare our energies with the experimental values,
we can thus only use the experimental centroids. We
remind that in Ref. [15] the shown experimental ener-
gies do not correspond to the centroids, but to the main
peaks. We cannot thus directly compare our results with
them. Furthermore, our occupation probabilities are by
construction equal to 1 for the occupied states and to
0 for the empty states in HF, and we cannot thus de-
scribe any spectroscopic factors. We will concentrate our
analysis on the energies of the states and we will com-
pare them with the experimental centroids, in those cases
where they are available.
As a first application, we perform calculations by using
the original SLy5 and D1S forces. The obtained results
for the neutron 2p and 1f spin–orbit splittings are pre-
sented in Figs. 1 and 2 for the Skyrme and Gogny cases,
respectively.
Panels (a), (b), and (c) refer to 40Ca, 36S, and 34Si,
respectively. The experimental values for the centroids
are available only for the nucleus 40Ca [18]. They are
represented by red dashed lines in Figs. 1(a) and 2(a).
First, we observe that the p and f splittings calculated
for 40Ca with the Skyrme and Gogny forces are too large
with respect to the experimental values. Going from 40Ca
to 36S, they are weakly reduced. Such reductions are
not produced by any tensor contributions because such
contributions are absent in these calculations.
A stronger reduction is found for the p splitting going
from 36S to 34Si, 40% (43%) with SLy5 (D1S). This im-
portant reduction is related to a pure spin–orbit effect,
that affects much more p than f states because p states
are more concentrated in the central region of the nucleus
where the variation of the spin–orbit potential is located,
due to the charge–density depletion in the nucleus 34Si.
The reduction of the f splitting is smaller, 26% (20%)
with SLy5 (D1S).
The state 1f5/2 in the nucleus
36S, and the states 1f5/2
and 2p1/2 in the nucleus
34Si are not bound in the Skyrme
case. In the Gogny case, in addition, the states 2p1/2 in
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Figure 1: (Color online) Energies of the neutron states 2p3/2,
2p1/2, and 1f5/2, with respect to the energy of the neutron
state 1f7/2, located at zero. Panels (a), (b), and (c) refer to
the nuclei 40Ca, 36S, and 34Si, respectively. The calculations
are done with the Skyrme parametrization SLy5. The exper-
imental centroids are also plotted in (a) and represented by
red dashed lines. The values of the spin–orbit splittings are
reported near the corresponding arrows in units of MeV.
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Figure 2: (Color online) Same as in Fig. 1, but for the Gogny
force D1S.
the nucleus 36S and 2p3/2 in the nucleus
34Si are un-
bound. To estimate their energies within the HF model,
we have performed calculations using a box discretization
with an increasing box radius, equal to 20, 40, and 60 fm.
The estimation of the energies has been done by combin-
ing the following criteria: the energies of single–particle
resonant states are expected to be weakly affected by the
modification of the box radius, within their width; these
states have wave–function radial profiles similar to those
of bound states, except in the region far from the nucleus.
Figures 3 and 4 show the same results as Figs. 1 and
2, obtained now with the interaction of Ref. [17] and
the interaction D1ST2a of Ref. [1], respectively. We
call SLy5T−2007 the parametrization of Ref. [17] and
D1ST2a−2012 the parametrization D1ST2a. Tensor ef-
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Figure 3: (Color online) Same as in Fig. 1 but with the
interaction SLy5T−2007.
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Figure 4: (Color online) Same as in Fig. 1 but with the
interaction D1ST2a−2012.
fects are taken into account, and the spin–orbit param-
eter is equal to that of the original forces. The results
found for 40Ca are almost the same as those obtained in
the previous case because this nucleus is spin saturated.
The splitting reduction found from 40Ca to 36S is more
important than that found in the previous case, because
neutron–proton tensor effects are now taken into account.
The reduction is 14% (28%) for the f case and 28% (40%)
for the p case with SLy5T−2007 (D1ST2a−2012). The re-
duction produced by the pure spin–orbit force from 36S
to 34Si is 40% (39%) for the p case and 27% (18%) for
the f case with SLy5T−2007 (D1ST2a−2012).
Finally, the same calculations have been repeated with
two parametrizations of Ref. [2], where the spin–orbit
parameter was also modified compared to the original
forces.
For the Skyrme case, we use the parameter set con-
structed on top of SLy5. We denote this parametriza-
tion with SLy5T−2013. We call D1ST2c−2013 the Gogny
parametrization, to be coherent with the acronym
D1ST2c already used in Ref. [19], where this
4From 40Ca to 36S (mostly tensor induced) - - From 36S to 34Si (mostly spin orbit)
Splitting SLy5 D1S SLy5 D1S
p 8% 13% 40% 43%
f 6% 8% 26% 20%
SLy5T−2007 D1ST2a−2012 SLy5T−2007 D1ST2a−2012
p 28% 40% 40% 39%
f 14% 28% 27% 18%
SLy5T−2013 D1ST2c−2013 SLy5T−2013 D1ST2c−2013
p 39% 27% 43% 42%
f 18% 18% 20% 16%
Table I: Reductions of neutron p and f splittings.
parametrization was employed. Figures 5 and 6 show
the results for the Skyrme and Gogny cases, respectively.
The spin–orbit parameter was fitted for these interac-
tions to provide the correct neutron 1f splitting in the
nucleus 40Ca. We observe that this modification of the
spin–orbit parameter compared to the original force also
leads to a 2p splitting that is in better agreement with
the experimental value, compared to the previous two
cases.
The splittings are reduced going to the nucleus 36S
owing to neutron–proton tensor effects: 18% (18%) in
the f case and 39% (27%) in the p case with SLy5T−2013
(D1ST2c−2013). From
36S to 34Si, the reductions are 43%
(42%) and 20% (16%) for the p and f splittings, respec-
tively, with SLy5T−2013 (D1ST2c−2013).
We summarize all the reductions found for the neutron
p and f splittings in Table I.
First, we observe a general trend. In all cases both
splitting reductions, the one generated by the neutron–
proton tensor contribution, from 40Ca to 36S, and the one
produced by pure spin–orbit effects, from 36S to 34Si, are
more pronounced for p than for f states. From 36S to
34Si, this fact was already associated to the modification
of the spin–orbit potential in the center of the nucleus
34Si, with a more important overlap with p than with
f wave functions. The reduction from 40Ca to 36S, on
the other side, is related to neutron–proton tensor effects
(the proton 1d3/2 orbital is filled in
40Ca and empty in
36S). As an illustration, we analyze the nuclei 40Ca and
36S with the parametrization SLy5T−2013. It is known
that the spin–orbit potential in the Skyrme–mean–field
approach is expressed as the sum of two terms; one is
produced by the spin–orbit force, depends on the deriva-
tives of the densities, and is tuned by the spin–orbit pa-
rameter; the second one is induced by the tensor force,
depends on the spin–orbit densities, and is tuned by the
tensor parameters. We plot in the upper panel of Fig. 7
some spin–orbit potentials for the two nuclei. For 40Ca,
only the total spin–orbit potential is shown because it co-
incides with the pure spin–orbit contribution, the tensor
contribution being negligible in this saturated nucleus.
For 36S, we display the total potential, together with the
spin–orbit and tensor contributions. For this nucleus,
the tensor–induced contribution is produced by a spin–
orbit density constructed predominantly with the proton
d wave function. This contribution has the opposite sign
compared to that coming from the spin–orbit force, and
produces a total potential which is reduced with respect
to the pure spin–orbit part. The volume localization of
such reduction is related to the localization of the d wave
function. The net result is that the total potential for
the nucleus 36S is lower than that for the nucleus 40Ca.
In the lower panel of the figure, we show the squares
of the wave functions for the neutron states 1f5/2 and
2p1/2, as an illustration, in the nucleus
40Ca. It turns
out that the two total spin–orbit potentials (for 40Ca
and 36S) have a stronger overlap with the f wave func-
tion than with the p wave function. Owing to the reduc-
tion of the potential from 40Ca to 36S, both overlaps are
decreased generating a reduction of both splittings from
40Ca to 36S. However, the overlap reduction is more im-
portant for the p (22%) than for the f wave function
(13%). This explains why the splitting is predicted more
strongly reduced for p than for f states. It is clear that
this prediction depends in our model on the sign of the
tensor parameter governing the neutron–proton contri-
bution. With a different sign of the corresponding tensor
parameter, the total spin–orbit potential would be in-
creased instead of reduced passing from 40Ca to 36S, and
both splittings would be larger in 36S than in 40Ca.
Let us concentrate now on the splitting reductions re-
lated to tensor–induced effects, that is, from 40Ca to 36S.
In this case, the reductions are very small with the inter-
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Figure 5: (Color online) Same as in Fig. 1 but with the
interaction SLyT−2013.
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Figure 6: (Color online) Same as in Fig. 1 but with the
interaction D1ST2c−2013 .
actions D1S and SLy5 because the tensor force is absent
there. We observe that both p and f splittings are in-
creased in the Skyrme case, passing from SLyT−2007 to
SLyT−2013, and reduced in the Gogny case, passing from
D1ST2a−2012 to D1ST2c−2013. This occurs because the
parameter governing the neutron–proton tensor contri-
bution is larger in SLyT−2013 compared to SLyT−2007,
and smaller in D1ST2c−2013 compared to D1ST2a−2012.
For the reduction of the splitting related to the pure
spin–orbit force, from 36S to 34Si, we have found in all
cases a reduction of about 40% for p states and of about
20% for f states. These reductions do not seem strongly
affected by the specific values of the parameters. Even
if such reductions are predicted to be almost the same
with all the employed interactions, we observe that only
for the last case, SLyT−2013 and D1ST2c−2013, the start-
ing point is correct, that is, the splittings are correctly
reproduced in the nucleus 40Ca with respect to the ex-
perimental values.
The 40% reduction of the p splitting is comparable to
the experimental finding (before correction for correla-
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Figure 7: (Color online) (a) Total spin–orbit potentials for
40Ca (solid blue line) and 36S (solid red line), and spin–orbit
(red dashed line) and tensor (red dot–dashed line) contribu-
tions in 36S; (b) Squares of the wave functions in the nu-
cleus 40Ca for the 1f5/2 (dotted line) and the 2p1/2 neutron
states. All the calculations are performed with the interaction
SLy5T−2013.
tions) even if such comparison is not completely meaning-
ful because the experimental energies refer to the major
fragments. It would be interesting to have all the ex-
perimental values for the centroids in the nuclei 37S and
35Si, to compare with our results. Furthermore, having
the centroids for the f states would permit to validate
our prediction on the stronger reduction of the p (com-
pared to the f) splitting in all cases, from 40Ca to 36S
(mostly tensor effects), and from 36S to 34Si (mostly pure
spin–orbit effects).
III. CONCLUSIONS
We have computed neutron 2p and 1f spin–orbit
splittings in the isotones 40Ca, 36S, and 34Si, by us-
ing mean–field approaches based on Skyrme and Gogny
forces. We have used three types of interactions, (i) with-
out tensor contributions, (ii) with tensor contributions
and with tensor parameters adjusted on top of existing
parametrizations, (iii) with the tensor force and with ten-
sor parameters adjusted together with the spin–orbit pa-
rameter. Our conclusions can be directly drawn from
Table I. For all the interactions, we predict a reduction
of both splittings passing from 40Ca to 36S and from 36S
to 34Si. From 40Ca to 36S, the reduction of the splittings
is related to neutron–proton tensor–induced effects and
can be easily understood by analyzing the strengths of
the parameters tuning the neutron–proton tensor contri-
bution in each case. This explains why this reduction is
very small for the interactions of type (i), where the ten-
sor force is not included. This reduction is stronger for
the p splitting than for the f splitting and the reasons for
it, related to the overlap modifications between the spin–
orbit potentials and the wave functions, were analyzed in
Sec. II. From 36S to 34Si, the reduction is predominantly
6coming from the spin–orbit force. This reduction is of
about 40% for the p case and of about 20% for the f
case. Again, the p reduction is stronger and this can be
easily understood as due to the central charge–density
depletion in the nucleus 34Si. This depletion is concen-
trated in the center of the nucleus where p wave functions
are more localized than f wave functions. In our model,
the predicted p reduction is of about 40%. This reduc-
tion cannot be directly compared with the value reported
in Ref. [15] because such value is obtained by using the
main fragments and not the centroids. We stress once
again that the comparison between centroids and major
fragments may be indeed quite misleading in those cases
where such values are very different one from the other,
owing to a strong fragmentation of the strength. This
was shown for instance in the experimental results pre-
sented in Ref. [20]. The measurement of the centroids
in 36S and 34Si would provide values that we could more
properly compare with our results. In particular, one
could verify our prediction on the stronger 2p reductions
(both from 40Ca to 36S and from 36S to 34Si), compared
to the 1f reductions.
[1] M. Anguiano, M. Grasso, G. Co’, V. De Donno, and A.M.
Lallena, Phys. Rev. C 86, 054302 (2012).
[2] M. Grasso and M. Anguiano, Phys. Rev. C 88, 054328
(2013).
[3] T. Otsuka, T. Matsuo, and D. Abe, Phys. Rev. Lett. 97,
162501 (2006).
[4] G. Co’, V. De Donno, M. Anguiano, and A.M. Lallena,
J. Phys.: Conf. Ser. 267, 012022 (2011).
[5] M. Moreno-Torres, M. Grasso, H. Liang, V. De Donno,
M. Anguiano, and N. Van Giai, Phys. Rev. C 81, 064327
(2010).
[6] M. Zalewski, J. Dobaczewski, W. Satula, and T.R.
Werner, Phys. Rev. C 77, 024316 (2008).
[7] M. Zalewski, P. Olbratowski, M. Rafalski, W. Satula,
T.R. Werner, and R.A. Wyss, Phys. Rev. C 80, 064307
(2009).
[8] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R.
Schaeffer, Nucl. Phys. A 627, 710 (1997); 635, 231
(1998); 643, 441 (1998).
[9] M. Beiner, H. Flocard, Nguyen Van Giai, and P. Quentin,
Nucl. Pnys. A 238, 29 (1975).
[10] T. Lesinski, M. Bender, K. Bennaceur, T. Duguet, and
J. Meyer, Phys. Rev. C 76, 014312 (2007).
[11] J.F. Berger, M. Girod, and D. Gogny, Comput. Phys.
Commun. 63, 365 (1991).
[12] Marcella Grasso, Phys. Rev. C 89, 034316 (2014).
[13] F. Wienholtz, et al., Nature 498, 346 (2013).
[14] D. Steppenbeck, et al., Nature 502, 207 (2013).
[15] G. Burgunder, et al., Phys. Rev. Lett. 112, 042502
(2014).
[16] M. Grasso, L. Gaudefroy, E. Khan, T. Niksic, J.
Piekarewicz, O. Sorlin, N. Van Giai, and D. Vretenar,
Phys. Rev. C 79, 034318 (2009).
[17] G. Colo`, H. Sagawa, S. Fracasso, and P.F. Bortignon,
Phys. Lett. B 646, 227 (2007).
[18] Y. Uozumi, et al., Phys. Rev. C 50, 263 (1994).
[19] V. De Donno, G. Co’, M. Anguiano, and A.M. Lallena,
Phys. Rev. C 90, 024326 (2014).
[20] G. Eckle, et al. Nucl. Phys. A 491, 205 (1989).
